INTRODUCTION
Functional annotation of sequences in the current study used the SEED subsystem (32) . The 1 4 1 functional abundance analysis was performed using a "Representative Hit Classification"
approach with a maximum e-value of 1 x 10 -5 , minimum identity of 60%, and a minimum 1 4 3 alignment length of 15 measured in amino acids for proteins and base pairs for RNA databases.
4 4
The subsystems are grouped into hierarchical classifications ranging from the broadest functional 1 4 5
category at "Level 1", to more specific functional roles at "Level 2" and "Level 3", and then to abundance of genes in each of the functions were identified with α = 0.05 (33, 34) .
Principal coordinate analysis (PCoA) of the functional hierarchy based on the Bray-1 5 4
Curtis distance was performed to investigate overall functional diversity of the gut flora.
5 5
Principal coordinate analysis reduces the dimensionality of a complex dataset with thousands of
variables to a smaller number so the diversity between samples can be easily visualized in a two-
or three-dimensional scatterplot (35) . Each principal coordinate explains a percentage of the
variation in the data set, with the first two principal components accounting for the most 1 5 9
variation. PCoA was performed at subsystem Level 1, Level 2, and Level 3 hierarchies. The right tibiae were harvested and fixed in 10% neutral buffered formalin for 48 hours.
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Tibiae were then embedded undecalcified in methyl methacrylate and a single 2-mm-thick
transverse section from the proximal metaphysis was collected using a diamond wafering saw load. Samples were polished with increasing grit silicon carbide polishing paper (800, 1200 grit)
using ethylene glycol as a lubricant, and followed by a series of slurries of aluminum oxide 1 6 9
powder (particle size of 3 μ m, 1μm, and 0.1 μ m) in ethylene glycol (36) . The final root mean
square (RMS) roughness of the surface was determined to be ~35nm by measurement of ten 5
x5-μm 2 scans per sample with a surface profilometer (VKX Laser-Scanning Microscope;
Keyence, Inc.). A Raman imaging system (InVia Confocal Raman Microscope; Reinshaw Inc.) was used
to collect spectra of the tibial cross sections by analyzing four different regions in each cross section (n=4/group). A total of 20 individual point spectra were collected across four quadrants of the cross section corresponding to 25%, and 75% of the cortical thickness with an additional
three points collected 50 microns away from the midline of the cortex (forming a '+' sign). The five spectra were averaged to determine a single representative measure per quadrant per sample. Spectra were collected over the range 720-1,820 cm -1 with a 785nm laser and a 50x long-
working-distance objective (N.A.=0.55) collecting for 30s at 50% power with cosmic ray
correction. Spectra first were normalized to the absorbance of PMMA at 813 cm -1 (MATLAB,
MathWorks). Last, spectra were baseline-corrected to account for background fluorescence. The 1 ) (37) , amide III (integration area ~1215-1300 cm-1 ) (37) , and carbonate (CO area ~1050-1100 cm-1 ) (37) . From each spectrum the following measures were calculated: phosphate v 1 PO 4 peak) (38) .
Nanoindentation was performed on the same sections and regions analyzed by Raman spectroscopy. Nanoindentation arrays were performed using a Berkovich indenter tip (TI-900
Triboindenter, Bruker, Eden Prairie, MN) calibrated to a silica glass standard. Each array
consisted of a 4 x 4 grid of indentations with a 30 second ramp load to P max = 2500 µN, a 30
second hold to reach equilibrium, and a five-second elastic unloading. Indents were placed 15
µm away from each other to avoid mechanical interactions among indentations. Hardness (H)
and reduced modulus (E r ) were determined from the force vs. displacement curves of each 1 9 7 indentation (39) using the following relations:
for which S is the contact stiffness (the slope of the load-displacement curve upon initial or cured food products (40) . The cecum is an important site for microbial production of vitamin K 2 1 5
(41) . The liver and kidney are distant organs where vitamin K accumulates (42) . Phylloquinone
(PK) and menaquinone (MK-4-13) concentrations in the cecum, liver and kidney were measured
by liquid chromatography/mass spectroscopy (LC/MS) (43) . Detailed procedures for vitamin K 2 1 8 extraction and sample purification are described elsewhere (43) . The LC/MS system consists of an connected to an Agilent series 1260 HPLC instrument (Agilent Technologies, Santa Clara, CA).
1
Separations were completed using a reversed-phase C18 analytical column (Kinetex 2.6 μ m, 150 2 2 2 mm x 3.0 mm; Phenomenex, Inc., Torrance, CA).
A major function of vitamin K in bone is carboxylation of Gla-containing proteins during 2 2 4 bone formation. The most abundant Gla-containing protein in bone matrix is osteocalcin (also
the most abundant non-collagenous protein in bone). To determine osteocalcin content, mouse
humeri were dissected and wrapped in PBS soaked gauze. The tested mouse humeri were 2 2 7
homogenized in 600 µl of extraction buffer containing 0.05M EDTA, 4M guanidine chloride and homogenization, the solution was centrifuged at 13000 rpm for 15 minutes to eliminate kit, which has a working range of 0.156-10 ng/mL. The OC quantification ELISA was performed 2 3 5
as per manufacturer protocol. Osteocalcin content was assessed in 4-5 animals per group. Group differences between nanoindentation measures, metagenome sequence 2 3 9
abundances, vitamin K levels, and osteocalcin content were determined using a one-way determined using a generalized least squares model (GLM) to account for the effect of quadrant. The functional capacities of the gut microbiome differed among groups (Fig 1B) .
Disruption of the gut microbiome caused drastic changes in the functional capacity of the gut 2 4 7 microbiome, as indicated by distinct clusters in the principal coordinate analysis (Fig 1C) . biosynthesis, carbohydrate function and cell and cell capsule synthesis. Pathways related to the synthesis of vitamin B and vitamin K were altered by disruption The overall functional capacity and the abundance of genes for six of eight carbohydrate
functional categories were altered by Δ Microbiome (Fig 2C) . No differences in the overall 2 6 0 abundance of fermentation genes were detected. The abundance of genes related to the cell wall
and cell capsule differed among groups (Fig 2D) . Normalized counts for genes for capsular and 2 6 2 extracellular polysaccharides were less abundant in mice with a disrupted gut microbiome than genes associated with Gram-negative cell wall components. 
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Bone tissue crystallinity, carbonate substitution and mineral to matrix ratio varied among gut microbiome was associated with decreased crystallinity (p=0.01, average difference 2 7 0 0.00056), increased carbonate substitution (p < 0.001, average difference 0.0113) and no 2 7 1 detectable differences in mineral:matrix ( Fig. 3B-D ).
7 2
Reduced modulus measured using nanoindentation was similar among groups Hardness was similar among groups (Supplemental Fig. 1 Vitamin K content in the cecum, liver, and kidney primarily consisted of microbe-derived 2 7 9
menaquinones; on average, the microbe-derived menaquinones (MK5-13) accounted for 83.3%
to 99.9% of the total vitamin K content (Fig 4A-C) . Total cecal vitamin K content was lower in This study provides the first report of the metagenomic components of the microbiome in vitamin synthesis led to follow up biochemical analyses focused on vitamin K, a factor that has 2 9 2 long been associated with bone health (44, 45) . Biochemical analysis confirmed reduced produced by the gut microbiota and bone tissue quality.
9 7
The current study provides a metagenomic analysis as a means of identify potential
mechanistic relationships between disruption of the gut microbiome and impaired bone tissue 2 9 9 strength (Fig. 1A) . The gut microbiome may influence bone tissue through three general products can lead to changes in bone resorption, bone formation and bone mass (47) , these factor that does not vary much in mice at 16 weeks of age. In contrast, vitamins produced by the
gut microbiota can influence bone tissue. In particular, vitamin K is produced by the gut 3 0 7 microbiota and has long been associated with bone health (44, 45) .
Together with prior work, our findings provide preliminary support for a potential link 3 0 9
between the microbiome and bone tissue quality that is mediated by microbiome-derived vitamin
K. Although vitamin K may influence bone tissue quality in multiple ways, the best understood
mechanism is γ carboxylation of gamma-carboxyglutamic (Gla-) containing proteins (48) . Vitamin tissue (48, 49) . Bone contains many vitamin K-dependent proteins, however, the vitamin K- known to influence bone tissue mechanical properties (50, 51) . Interestingly, our biochemical and direct the formation and size of collagen fibrils, as well as mineralization and crystal 3 1 9
nucleation, leading to changes in crystallinity (52) (53) (54) (55) (56) . Crystallinity is descriptive of the size, to reduced crystallinity in this cohort of animals with impaired tissue strength (Fig. 1A) . Together these findings implicate vitamin K as a potential link between the microbiome and 3 2 5
bone tissue strength, but does not prove causation. Hence, we cannot ignore the potential
contribution of other mechanisms through which the microbiome may mediate bone. In addition to identifying differences in vitamin synthesis, the metagenomic analysis also synthesis and carbohydrate synthesis. We attribute the differences in abundance of cell wall and
capsule genes with changes in the taxonomic components of the gut flora in this cohort. Specifically, our prior taxonomic analysis associated ΔMicrobiome with increases in the 3 3 2 abundance of organisms from the Gram negative phyla Proteobacteria in this cohort (8) , which is negative cell capsule components. In contrast, the observed changes in abundance of genes 3 3 5 associated with carbohydrate synthesis is not as easily explained by taxonomy. These genes can
influence the production of molecules such as short chain fatty acids that have been associated
with changes in bone formation and remodeling (5) , although a mechanism through which these 3 3 8
proteins might influence bone tissue quality has not yet been proposed. The changes in bone tissue chemistry observed here are consistent with modifications in 3 4 0 whole bone mechanical performance reported previously for this cohort (Fig. 1A) . Reduced humans and animals (57, 60, 61) . Although this cohort shows reduced tissue strength assessed in
bending, we did not observe differences in nanoindentation-derived elastic modulus or hardness, 3 4 4 a finding we attribute to the fact that nanoindentation describes primarily compressive properties
of bone tissue while bending strength is determined primarily by failure properties in tension (23) .
Several strengths in the study are worth noting. To our knowledge the current study is the have reported changes in phylogenetic profile using 16S rRNA sequencing (3, 5, 8, 17) . Because and bone. Second, to our knowledge, the current study is the first to evaluate how alterations to restricted to phylloquinone or only one menquinone (62) (63) (64) .
Despite the strengths of the current study, a few limitations must be considered when 3 6 0 interpreting the findings. First, with regard to the metagenomic analysis, the current study was hypothesis-generating and, as molecules of interest were not known a priori, it was not possible 3 6 2 to design the study with statistical power for all follow up biochemical assays (matrix osteocalcin bacteria that prevent growth impairments transmitted by microbiota from malnourished children.
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